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OPTOELECTRNIC AND PHOTONIC DEVICES 



BACKGROUND OF THE INVENTION 
Tln$ mve:ition relsucs to optical or photonic compoii«nt<;, more particularly 
(0 optoelectxonic devices formed of polymers. 

Integrated optical devices (i.e., waveguides, switches^ interconnects, and 
1 0 the like) are known which are constructed of polymer materials having a glass transition 
temperature (Tg) much higher than the operafting temperature range of the device. The 
glass transition tesiperamrc is a range of temperatures over which significant local motion 
of the polymer backbone occurs. The Tg is usuaDy defined as cooperative motion of 
abouc 10 backbone units, or a viscosity of 10'^ poise^ or a second order phase transition in 
15 heat capacity. The temperature at which the change in slope occurs in the rate of change 
of volume with temperature is considered the glass transition temperature (Tg), or 
softening point. For a detailed description of viscoelasticity and characterisiics illusnraied 
by Figs. I mid 2, see G3. McKenna^ chapter 10, Comprehemiye Polymer Science, 
Volume 2, Edited by C, Booth and C Price, Permagon Pi^ss, Oxford (1989), 
20 CrossUnked materials manifest a glass tratisition when the molecular 

weight between crosslinks is sigmficant enough to allow cooperative motion of the 
backbone units. Thus, a lightly crosslinlcod material will show a glass transition; while a 
highly crosslinked one may not. 

Below Tg> polymeric material is prevented from reaching equilibrium 
25 because of the limited amount of segmental motion. Thermodynamic (entropic) effects 
still drive change towards equilibrium, but if the temperature is far enough below Tg, 
those changes will occur at such a slow rate that it does tiot appear experimentally during 
the time scale of interest (in this case the time scale of observation). 

There ai^e several reasons why materials having a high Tg have been 
30 chosen in the past, including compatibility with electronics processing and packagings 
maintenance of orientation of chromophores locotporatsd within the material, and 
environmental robustness and performance stability. The use of high Tg materials 
(maierials with a Tg higher than the operating temperature of the materials hi a packaged 
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device) ensures device operacion in a region in which the local motion of the polymer 
segments is significantly restricted, and that tlie material operates in a glassy slate. It was 
assumed in the earliest development of polymer films for optoelectronic devices that use 
of hi^ Tg materials was a requirement 'Tor example, many of the first reseaich EO 
pol>TOers, whether giiest-host or side chain, are based on thermo-plastic acrylate 
chemt^cty and exhibit glass transfrion temperatures - 100 • 150^C . This low Tg results in 
high polymer chain di£aision rates and a variation of at least 10% in the optical properties 
of the poJed state over 5 years of operation at ambient temperature. This rapid change is 
tlie nattiral consequence of the dynamic processes hy which glassy poIymears» operating 
close to Tg, undergo physical aging and relaxation to reduce stress and minimize free 
volume. When higher operating temperatures are considered (125X ), the stability of the 
optical properties becomes even worse/' (extracted from the review paper by R. Lytel et 
al.. in Polymers for Lightwave and Integrated Optics^ L.A. Homak, ed,. Marcel Dekker 
1992 pp, 460y 

Higher glass transition materials developed for integrated optoelectronics 
include polyimide materials (glass transitions ranging from about 250X lo well over 
SSC'C) developed by Hoechsl. DuPonU Amoco, and others, and polyquinoiines (Tgs 
greater than 250**C) developed by Hitachi Chemical The researchers wew guided by the 
presumption that •The fust priority for such waveguides should be high themial stability 
lo provide con^atibility v- ith higb-perfonnance electronics device fabrication. The 
fluorinated polyimides have a high glass transition temperature above 335°C , and are 
themially stable against tlie temperatures in IC fabrication processes involving soldering 
(•-270^C)/' (T, Matsuuraet aL, Elect Lett. 29 2107-2108 (1993)). 

The requiremenis for polymers used in thermo-optic switches are reported 
by R. Moosburger et al. {Proc, 21 si Eur. Conf. On Opt. Comm. (ECOC95-Brussels) p. 
1063-1066), **Low loss switches at a wavelength of 1,3 jxm were fabricated with Lhe 
commercially available and high temperature stable (Tg>350''C) polymer 

CYCLOTENE^ CYCLOTENE'" was chosen due lo its low inttinsio optical loss, 

thermal stability in excess of SSO^'C, low moisture uptake and excellent planarisation 
properties.'* 

The requirements for polymers for polymer passive optical imexxronnects 
ate r^orted by DuPont for their Polyguide^ material system in R.T. Chen et ah, SPIE 
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Vol. 3005 (1997) p. 238-251, "High Tg and low coefficient of theimal expansion (CTE) 
polymers provide Therma]*mechsmcal and enviromnental robustness and performance 
stability through their complete domination of the Polyguide™ packaged structure 
properties/* DuPoTJt uses cellulose acetate butyraic (CAB) materials as described in US 
5 Patetit Nos, 5^92,620 and 5,098,804, 

in addition to the acrylate, polyimide, potyquinoline, benzocyclobutene 
and CAB materials systems mentioned above, other materials systems that have been 
used to maVe integrated optical devices include cardo-polymcrs (C. Wu et aJ., in Polymer 
for Second-Order Nonlinear Optics, ACS Symposium Series 601, pp- 356-367, 1995), 
epoxy composites, <C. Olsen, ettxUI££EPhoL Tech. Lett. 4^ pp. 145-148, 1992), 
polyalkylallyne and polysilyne (T. Weidman et aL, in Polymers for Lightwave and 
Integrated Optics, Op, Cit pp. 195-205, 1992), polycarbonate and polystyrene (T. Kaino» 
in Polymers for Lightwave and Integrated Optics^ Op. C/;., pp, I -38, 1992), polyester <A. 
Nahara et ^U AppL Pkys. Lett. 64^ 3371, 1994), polysiioxane (M. Usui et al, J, Lightwave 
TechnoL 14 2338, 1S>96), and silicone (T. Walanabe et al J, Lightwave TechhoL 16 1049- 
1055, 1998), Poly methyl methacryiate, polystyrene, and polycarbonate have also been 
used for polymer optical fibers (POFs), Polycarbonate is used as compact disc substrates, 
and is used in plastic eyeglass lenses, hard contact lenses, and related applications. 
Silicones are used in flexible contact lenses* 

Several researchers have designed optical switching devices using thermal 
effects in polymers. In addition to the research work of R. Moosburger, Op. Cit,^ one 
group has been trying to commerciaiizo thecmo-optic switches using a digital optical 
waveguide switch conxiguration (G-R. Mohlmann et al-, SPJE VoL 1560 Nonlinear 
Optical Properties of Organic Materials /K, pp. 426-433, 1991). In this work, a resisrive 
heating element is deposited on a high glass transition temperature thermo-optic polymer 
stack that contains a waveguide y-branch splitter* Activation of a heater electrode 
produces a decrease in the recractive index under the activated electrode and results in 
light switching into the waveguide branch that is not activated. 

In work with poJyniers for thermo*optic integrated optical devices leading 
to the present i nvention» it has been obser\'ed that tliere are nonlinear responses due to the 
viscoelaslic behavior of the materials. After repetitive switching of a thernio-optic 
device, for instancCt the polymers begin to exhibit a local change in index of refraction 
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where ihey were heeted, disruAing the ''off*' state of the sv^ich and its lime response. 
The viscoelaatic properties of a polymer determine the mechanical character of the 
material response to applied heat or other pertm1>ation. These properties contrx>l the rate 
at which applied changes (such as heat, stress, acoustic excitation, gjtc.) produce time- 
dependent responses in the material properties (such as evolution of the index of 
refraction, mcchanicaJ strain, etc.). Any truJy elastic contribution generally is hnear and 
disappears after the applied change is removed. However, time^dependem elements of 
the material response are retained within tlie material after the wnoval of the applied 
change and may require minutes to eons for restoration. If the maierial response results ii 
a degradation of the operating characteristics of a device, that degradation may 
accimiulate over time and result in failure of the device to meet performance 
specifications. 

For optical devices used in communications, such behavior is undesirable 
because it can degrade Lhe insertion Joss, crosstalk immunity and other performance 
measures that are critical to the bit error rate of the 5>'stem. Any such factor that changes 
with time is a problem for telecommunications applications, where reliabiiity and 
reproducibility are essential, but where a broad range of environmental conditions may be 
encountered during a service lifetime. To enable effective thenno-optic switching 
devices, materials should not exhibit any such slow changes in optical properties. 

SUMMARY OF THE INVENTION 
According to the present invention optoelectronic and photonic devices are foimed 
by employing polymer material that have a lower glass transition temperature (Tg) Lhan 
the nominal operating temperature. By using such materials, the local or segmental 
mobility is increased so that local stress is eliminated or minimized on the polv-mer 
material, making performance more robust. 

The current invention involves use of a polymer in an optical device in an 
operating temperature range in the region above Tg, where the polymer segments between 
crosslinks are allowed local freedom of movement: however, large-scale mo vcmenx of the 
materia] may be restricted by the crosslinked structure of the pol>'mer material. The 
tempcranire operation point of a device constructed according to the invention is thus 
preferably distanced &om both ifae viscoelaslic region near Tg and from the glassy region 
below Tg; such that the device is operated in a region where viscoelastic effects do not 
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significantly affect the msterials system, a«d tim^dependenl responses of the polymer are 
minimized or eliminated* Device operation cmi thus achie\'e minimum degradation and 
show improved performance attributes. 

This invention will be better utiderstood upon reference to die following 
5 detailed description in connection with the acccmpatiylng drawings* 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a gnQ>h iilustratins schonatically a change in volume as a 
fiaiction of temperaltire for an amorphous polymer material. 
1 0 Fig. 2 is a graph illustrating Bchematically the concept of an effective glass 

transition temperature, where the value of Tg is a function of the rate of the measurmienf. 

Fig. 3 is a perspective view of a Total Internal Reflection (TIR) s^^itch In 
accordance with the present invention. 

Fig, 4 is a cross-sectional view along axis 16-18 showing the core layer of 
1 5 the TIR switch of Fig, 3. 

Fig. S is a timing diagram illustrating tlie throughput response obtained tor 
a TIR ffviitclx over limc, during which the switch is activated. 

Fig. 6 is a liming diagram illustrating impulse re^onse of a prior art TIR 
switch activated at a first excitation energy by a first pulse and a pulse after 3O0O0 
20 excitations. 

Fig. 7 is a timing diagram illustrating impulse response of a prior art TIR 
switch activated at second, higher excitation energj' by a first pulse and a pulse after 
30O00 excitations* 

Fig, 8 is a timing diagram illustrating impuise response of a priot art TIR 
25 switch activated at a third still higher excitation energ>' by a first pulse and a pulse after 
30000 excitations. 

Fig. 9 is a diagram illustrating insertion loss experienced by the prior art 
TIR switch of Fig. 6-8 and one according to the present invention. 

Fig, 10 is a diagram illustrating the temperature required for activation of a 
0 TIR switch according to the present invention compared to a conventional TIR switch. 

Fig. 1 1. is a perspective view of a Macb-2ehnder modulator in accordance 
with the present invention. 
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Fig, 12. is a diagram illustrating how the appearance of a particular form of 
viscoelastic a^^ect degi-ades device perfonnance. 

Fig* 13. is a perspective view of a Y-branch splitter in accoixlance with the 
present inveution. 

Fig. 1 4. is a diagram showing tlie power output of a device of the prior art 
to the device of Fig- 13 after a number of operation cycles. 

Fig* 1 5 is a perspective view of a Ihermo-optic grating device according to 

the invention. 

DESCRIPTION OF THE SPECIFIC EMBODIMENTS 
Fig, 1 illustrates schematically the change in volume as a function of 
temperature for an amorphous polymer material in generaL Range A is the glassy range, 
range B is the rubbery (for a crosslinked material) or melt CnGn-c«>sslinked poiymer) 
regime, and range C benveen range A and raiige Bis the viscoelastic regime. 

According to the present invention, the region above the glass transition 
temperaaire (region B in Fig, 1) in the volume-temperature curve is utilized. In this 
region, the polymer segments are allowed local freedom of movement. Consequently, 
r^eiitive opcrauon enables devices to function with minimal or negligible viscoelastic 
effects contributing to premature failure/degradation of performance. In the preferred 
embodiment, large-scale (bulk) movement is restricted by the poiymer materiars 
crosslinked structure. 

The motivation for operating in the region above the glass tiansition 
temperature (Tg) is to avoid the negative effects such as induced insertion loss associated 
with operating in the viscoelastic regime (described above). However, in applications 
such as integrated optics, localized heating must often be applied to microscopic regions 
to accomplish switching and other functions. Heating of the materials, even if the net 
tempentture rise does not exceed Tg, has been found to cause long-lived changes in 
material propenies sucb as index of refraction. These changes become quite pronounced 
after many cycles of spplied heat pulses sudi as in an optica) switch, for example. If the 
heating is localized, the changes in refractive index are localized, producing imdesired 
optical effects such as increased insertion loss in dsviccs. 

According to the invention, a new class of optical devices is disclosed with 
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physical properries qualitatively different from that previously known vs'herein polymeric 
optical materials are employed which are cliaracterized by a relationship between the Tg 
and the range of intended operating temperatures, and specifically wherein the operaring 
tempei-atures are near or above the Tg of the optical materials. By operadng devices near 
5 or above the Tg of the optical materials, viscoelastic contributions may be diminished or 
<;ven removed. If the operating temperature is near (slightly below or at) Tg, the 
viscoelastic problems may be reduced, and if the operating temperature is above Tg, there 
should be no accumulation of degradative eftects due to viscoelastic contributions. This 
nev\' type of device can also shoiv improved performance and allow a wider range of 
10 operation. 

In experiments to measure the glass transition temperature Tg, and the 
material properties related to Tg as a function of temperature, it has been observed that 
the rate of change of the temperature during the measurement changes the result* A Tg 
measured with a slow temperature ramp (Rate 2) is lower than a Tg measured with a fast 
1 5 ramp (Rate 1), as is Illustrated in Fig. 2. The rate dependent Tg is sometimes called the 
effective Tg, For these purposes, Tg shall be assumed to be the value which is measured 
at a rate of 10'*C per minute in a tj^pical conunercial DSC (differential scanning 
calorimetiy) machine. However, the heating rate at which a thermo-optic switch of Fig. 3 
is operated is much faster than per minute. Tne Tg that applies to Che operation of 
20 the device is the effective Tg at the rate of operation of the device. 

In Fig. 2, the concept of a rate dependent Tg is illustrated. Examine first 
the top curve. The effective glass transition temperature, T^*'''^, is defined as the 
temperature at the intersection 1 1, 1 3 of the slopes of the volume-temperature curve. In a 
real material (non-ideal) the break is not sharp, as is indicated by the dotted lines 15, 17, 
25 The pLice at which the break is observed is a function of rate of change of the 

temperature; (he curve of Rate 1 representing a faster heating or cooling rate; dius the 
break, or T^,*^, occurs at a higher temperature (i.e. if Rate 1> Rate 2, T,,*^> Tg^**^), It is a 
well-established rale of thumb (see, for example, Materials Science of Polymers for 
Engineers by T, A. Osswald and G, Menges, Hanser Publisliers, Munich 1995) that the 
30 glass transition temperature changes by roughly 3*^0 for every order of magnitude change 
in the rate of the temperaiiirc change (McKenna, 1989; or Viscoelastic Prapcrsies of 
Polymen by J. a Feny, 3rd Edition, Wiley, New Yoric, 1980). The rate is a very 
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huportant facior when comparing a (hermo-optic device that may swing more than I0*C 
in one millisecond with a glass transition temperanire measured by a DSC at Aran. 
The difference in rate in this case is about six ordw^of-magnitade. According to the mh 
of thumb, the effective Tg for such a tlieimo-opdc device is about 1 8*C higher than the 
5 Tg measured in die satnc materials system with a DSC, A very fast thenno^jptic switch 
might have an effective Tg 24^C or so higher than Tg. Even a slow-rise mermo-optic 
switch with a theimal swing of 3 in 100 milHseconds will still have an effective Tg 
about 9^C larger than the Tg as measured by the DSC at 1 ^C per minute. 

One preferred embodiment of the mvention is a Ihenno-optically 
1 0 controlled optical polymer waveguide TIR {total Inteniai reflecdon) device 100 as shown 
in Fig. 3. As a tlienrso^optic device, or a device that iransports optical energy subject tc 
control by thennal means, it functions as a s>vitchable deflecior of optical radiation. 
Transparent polymers are employed to guide the light, t^amely polymers in wliich optical 
radiation propagates with a predetermined minimal amount ol attenuation at the intended 
1 5 operpting wavelength. 

In Fig. 3 a multi-layer stack: is constructed , namely several layers formed 
one on lop of the next, in which an optically transparent polymer lower cladding layer 2 
lies on a substrate 4. Tlie lower cladding is preferably a polymer deposited by spin- 
coating. Alternatively, layer 2 can an inorganic or non-crosslitiked organic material. Any 
20 d^osition method known to those skilled in the art would appropriately be selected for 
deposition of alternative layers. A combination of lithographic definition of photoresist 
and RIE (reactive ion etching) processes as known in the prior an may be used to 
fabricate a trench 5 through the lower cladding layer 2, A core layer 6, also spun on, lies 
above the lower cladding and fills the trench 5. The spinning process produces a fiim that 
25 tends to planarizc the surface, filling the trench 5. A third optical layer,, the upper 

cladding 10, is also spun on. As is well Jcnown in the art, the thickness of each layer is 
adjusted by selecting the spinning speed. The layer thicknesses are approximately 5 pm, 
1 .2 um, and 1 .4 respeciively . As fully processed, the materials used in experimental 
construction of the three layers 4, 6, 10 provided indices of refraction of 1.488, L522, and 
30 1 .422, respectively. With a trench depth of about 0.06 fim and width of 6 um, single 
mode guiding at 980 nm was achieved. 

The mateiials used were: a Coming 1 754 glass substrate 4, a Gelest UMS- 
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992 polyacrvlaie (Tg - 45^C) lower cladding 2. a Norland Optical Adhesive 68 (Tg « 
35^C) cor& 6, and a Gclcst UMS-1. 82 polyacrj^aie (Tg below O^'C) upper cladding 1 0, AH 
three polymer materials are crasslinked by a UV cure step as specified by the 
manufacturers. These materials were chosen to improve overall dimensional and 
5 chemical 3tabtlity, However, no evid«ice was found of bulk dimensional or chemical 
instabUities in devices so constnicted. 

A waveguide is any structure which pennits the propagation of a wave 
along an optical path, throughout its length despite difiractive cfifects or cun^ature of the 
guide stnicture* Although the waveguide segment (a predetennined secdon of waveguide 
10 i2) shovr-n in Fig. 3 is straight the waveguide shape can easily be defined into much moi^ 
complicated structures, if desired. By appropriately fabricating the mask used in defining 
the photoresist for the etch step, waveguide structures including curves, X- and 
branches, parallel couplers can be incorporated. An optical waveguide is defined by a 
length of an extended bounding region of increased index of refraction relative to the 
1 5 suirounding medium. The strength of the guiding, or the confinement, of the wave 
depends on the wavelength, the index difference and the guide width. St{x>nger 
confinement leads generally to narrower modes. A waveguide may support either 
multiple optical modes or a single mode, depending on the strength of the confmemeat. 
In general, an optical mode is distinguished by it^ electro-magnetic field geometry in tw'^ 
20 dimensions by its polarization state, and by its wavelength. If the index of reftaction 
change experienced by the optical mode is small enough {e.g. n = 0.003) and the 
dim^ions of the guide are narrow enough (e.g. 5.0 jira)» the waveguide will only contain 
a single transverse mode (the lowest order mode) over a range of wavelengths. For larger 
refractive index differences and/or larger waveguide physical dimensions, the mmiber of 
25 opdcal modes increases. 

Waveguides of this nature ate commonly referred to as rib waveguides. 
Dimensions of the etched trench (rib depth and width) are carefiilly controlled along with 
the diickness of the core layer u> control die number and shape of propagating modes. 
Preferably the waveguide is designed to support only a single lowest order mode, 
30 eliminating the complexities associated with higher order modes. Higher order modes 
have different propagation constants than lower order modes, and higher scattering loss, 
which can be problematic in some applications. In other applications where higher power 
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f s desired, higher order modes might b« mor^ benciicial, 

111 a particular embodiment, a 100 nin layer of 80/20 NiCr is sputtered onto 
xh^ top cladding layer and etched in its turn by standard lithographic means well known it) 
the an, to form patterned structures such as the bearer stripe 8. Tlie control system 19, in 
this case a temperature control system (current source), controls the tfaemjal excitation 
element which is tlie resistive heating elemetit 8, The resistive elraient is oriented at an 
oblique angle (a few degrees) to the waveguide cb^tme! 5 beneath it. The control element 
supplies a sufficient amount of current to the heating el^ieni via an applicator electrode 
9, fabricated as a thin gold layer over an eularged area at the end of the heating element 8 
such that the desired operating temperatures can be achieved The resistive heating 
element 8 is an excite since it produces the temperature change in the device in response 
to an applied cutxent The control system 19 forms an essential part of tlie exciter in the 
sense that it is the control system that generates and controls the current that leads to 
device operation. The increase of temperature achieved in the switch 100 as a function of 
time is essentially independent of external factors such as tlie device temperature, since 
the heat energy is applied during a short pulse; its time dependence is determined by its 
diilusion into die device. The resistive heating element 8 is an clectTically conductive 
material such as a metal (in the preferred embodiment nickel-chromium) or oth^ suitably 
conductive material that is d<!5>osited on ti^e upper cladding. Deposition may also be 
achieved by chemical vapor deposidon or other suitable technique for applying such 
materials. In the case of metallic electrodes, it may be best to incorporate an additional 
coating deposited below the electrode, to reduce the optical loss which occurs when a 
portion of the energy in the guided wave mode extends out to the metallic electrode. 

The lengih of the heating clement, 800 ^im. is made to extend sufficiently 
before and beyond the region where the healing element passes over the waveguide so 
that activation of the heating element will produce temperature changes in the polymer 
that can be sensed by evanescent fields of the mode propagating in the waveguide. ' 

The widtli of the heating element, about 20 um, is selected to prevent or 
substantially reduce optical tunneling of optical radiation through tlic heated region of the 
waveguide. Optical tviiineling is the coupling of light ftom a region of high refractive 
index Through a region of lower refractive index to a region of higher refractive index. In 
genenU» the optical tunneling length vAU depend on the wavelength of ihe guided light. 
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magnitude of the itidex change in the heated region, and length of the heated waveguide 
regiot). 

The retum to an equilibrium temperature is accomplished using a cooling 
element. The cooling element may be any element that assists in the removal of theimal 
energy by either convection, conduction, or radiation (e-g» themio-electric cooler, heat- 
sink, thermal pipe). The cooling element regulates the nominal operating temperature of 
an element attached to the thermo-optic dewce. In the prefeired embodiment^ we use a 
glass substrate as a cooling clement because of the low heat load. Dq^ending on the 
application, higher thermal conductivity substrates such as ceramic, silicon, or even 
diamond may be used, and active heal removal steps may be used such as Peltier-effect 
(TE) coolers, vapor wick coolers, or water cooled or forced air heat exchangers. The 
effeci of these cooling elem^ts is to provide a pathway for the removal of thennal energy 
so thai the device may be operated continuously or intemiitteatly as desired but still 
remain within an operating temperature. 

The operating temperature is the temperature of the polymer layer in the 
region traversed by the optical path, averaged over a time long compared to the optical 
response times to changes in the th^mal excitation elraient but ahort compared to the 
times for environmental clianges outside the device. The costing temperature is 
preferably controlled to within a desired range as determined by a sensor with a feedback 
loop to adjust the operation of a heater or cooler to maintain the desired temperature (for 
example, the minimum operating temperature) at the sex£$or as is well known in the art. 
The control loop may include feedfor^'ard to prepare for the effects of changes in puke 
rate, etc. The minimtmi operating temperature is the lowest operating temperature 
allowed by the proper fimctiotung of the device including any thermal control loop, when 
the ambient enviromnent varies within the temperature, humidity; etc. values specified for 
device operation. 

When the heating element is activated, thennal energy from the heating 
element diffuses into the surrounding pol>'iner layers and increases the temperature of the 
polymer while simultaneously lowering the refractive index of the heated polymer via the 
thermo-optic effect Polymer regions closer to the heating element experience a larger 
increase in temperamre as a result of absorbing more thermal energy per unit area from 
the healing element than regions further from the heating clement. Fig. 4 schematically 
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shows a {op '/ievy of the spatiaJ variation in the wfracti ve index in the poiymei- core layer 
during switch activation. As illustrated, region 22 for e3(ample» which is in pEoxiniity to 
tiie heating element (not shown) has a refractive index less than region 24 located further 
from the heating element. 
5 If the refractive index change of the heated polymer is large enotigh and 

the angle 14 httwcen the heating element and the wavegaiide is sufficiently shaUow, 
optical r4idiation propagating in the waveguide midergoes total internal reflection at the 
interface 20, called the TIR interface, and optical radiation illustrated as a beam 17 is 
deflected irom the rib waveguide* The deflected radiation 1 7 is mostly optically confined 
1 0 verticaUy to the core layer 6, although it propagates within the planar waveguide formed 
by the coi^ layer outside of the region defined by the tr«ich 5. Light deflected from ttie 
waveguide via switch activation may be used, collected, or rerouted using gratings> 
mirrors, lenses, or by any of several other means known to those skilled in the art which 
route radiation in or out of the plane defined by tlie layer 6 (Fig 3). 
1 5 The deflected optical radiation 1 7 can be used far any number of 

applications, for example optical beam routers, sensois and modui^ors. A plurality of 
heating elements can be placed along a single waveguide to deflect light out of the 
waveguide at any waveguide-heating element proximity. In addition, a single one or an 
airay of heating elements can be placed above/below an array of waveguides depending 
20 upon the application in question. 

The optica] throughput is measured as the optical power in the beam 1 8 
emerging fxx)m the waveguide atler traversing the TIR switch 100* As a result of TIR 
reflection, throughput is decreased upon activation of the heating element Because the 
reflected optical radiation of a rib waveguide TIR switch must overcome lateral 
25 waveguide confinement, rib waveguide TIR switches may not be as efiicient as planar 
waveguide switches at the same level of excitation^ (A planar waveguide switch is 
fabricated in the same way as described above in reference to Fig. 3. but without 
fabricating the trench; the input beam is confined in only one dimension, the dimension 
norma] to the plane of the layer 6.) 
30 Fig. 5a shows a representation of the waveguide throughput 90 as a 

function of time. Fig. 5b illustrates that the switch is controlled by a cuireni pulse 92, 
supplying maximiun current to the switch at time and continuing to do so until time tj^ 
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when it returns lo ils inilM state. As showii in Fig. 5b, » control current pulse is turned 
on 8t time Usnd off at time t|o, but the optical response (tiiroughput) of the switch is not 
instantaneous. Fig, 5c shows the reiractive index vsriation induced ^t a given depth 
below the heater element by the delivery of a single thermal energy pulse- The refractive 
5 index profile 94 of the polymer matearial changes as a function of time as a result of the 
appJied current pulse 92, When the refractive index discontinuity experienced by the 
optical mode rises toward and above the level required for total internal reflection (TIR), 
light is deflectied &om the discontinujty» and the throughput drops as shown in Fig. 5a. It 
can be seen that a predetermined time is required to allowr the switch to respond to the 

10 heat tliat has been supplied to ii by means of the cunrent pulse, such that the index change 
will enable switching to occur at time t, , to cause the througtiput of the uraveguide to fall 
from a value of Tp to a value of T^. It can also be seen that a predetermined time is 
required to allow the switch to relax after tbe removal of heat, such that the index change 
of the polymer material enables the reflection to subside and the throughput of tbe 

1 5 waveguide to rise once agam to (or substantially ciose to) its initial value Tp al time tjj. 
The polymer material as shown requires a longer time to respond to the remo>rai of the 
heat supply and consequently a longer time for the index of refraction to return to Us 
initial stale. The time for the optical throughput to return close to equilibrium is known as 
the decay time. Here the decay time (t,; - tn) is longer than the width of the control pulse 

20 (t„-i,). 

The condition of the switch at a time such that only a predetermined 
minimum quantity of optical radiation is deflected from the waveguide designed is the 
*'off ' state. When the switch is in an "off ' state, light propagates tbe entire length of the 
waveguide without being substantially pertiut)ed» This condition occurs prior to switch 

25 activation and after deactivation. In generai the response of the material to the thermal 
energy delivered by the heating element is limited by tlie thennal velocity of the heat 
througji the polymer. This means the observed switched light is delayed in time with 
respect to the flow of electrical current through the heating element, depending on the 
thermal constanLs of tbe poljiner layers and physical thickness of the components of the 

30 multi-layer stack. When an iniiialiy activated switch is deactivated the optical response is 
retarded in time with respect to cessation of current flow tlirough the heating element. 
Switch Fidelity 
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In ord^ to understand the present invention, it is heJpflrl to review certain 
pTc^perties of polymeric materials;. In a linear system, the re^nse of the system to an 
arbitrary input signal is given by the convolution of the input signal wi± the impulse 
response of the s>^tein. This system Impulse response allows accurate prediction of 
system performance without having lo measure the syston response each time the input 
excitation may be changed. In a polymeric system where the input is from a thermal 
source, there are conventionally significant contributions fixttn vlscoclasUc effects which 
can result in a change of the impulse response of the system, therefore modi^ng the 
system response to a specified input signal. In such a case, the actual system response is 
not equal to the response predicted based on a measurement of the system impulse 
response, and it Is said that the fidelity of reproduction of the desired signal is impaired, 
or that the system response is distorted. The data illustrated in Figs. 6 through 8 shows 
changes in the response due lo viscoelastic behavior, and as explained hereinbeiow is an 
indication of insertion loss. Specifically Fig. 6 shows optical.ttansmission tlirough a 
waveguide containing a 2^egree thenno-optic TIR switch when a thermal pulse of 200 
pJ/jim^ is applied to the beater stripe of dimensions 16 \im wide by 1300 \xm long and 
where the materials were Ablestick L4092 qpoxy, Epoxy-lite R46 polyurethane, and Epo- 
tek UV'0134 epoxy, arranged in a triple stack of thickness' 5.0 ^rni, 1,2 ixm and 1.4p,m 
respectively, couiiUng away from the substrate and operating at about room temp^ature. 
The heat pulse is 20 microseconds long beginning at 100 microseconds. Since the heat 
pulse is very sbon compared to the tliroughput response of the switch, the measured 
response is essentially equal to the impulse response of the system. At this energy level, 
(he impulse response ailer 10 minutes ofpulsing at 50 Hz (30,000 pulses) is the same as 
the impulse response afier the first puise* Fig. 6 therefore shows an example of a linear 
system with good fidelity and low distonion. Fig, 7, taken under the same conditions of 
Fig, 6 but v/ith the higher thesmal pulse energy density level of 350 pj/ fjun\ sliows that 
the in^julse response is degraded afl^ 30,000 pulses. The waveguide transmission (seen 
prior to the switch response) is reduced to about 90% of its prior value (insertion loss of 
about 0.5 dB), and the fall time is degraded to a longer time. Therein the polymer 
material has been driven above a threshold for initiation of a strong viscoelastic response. 
Tlxe threshold in this waveguide stack therefore lies somewhere between 200 pJ/jun^ and 
350 pJ/J^m^ As used herein, threshold means that for the quantity of interest, there is no 
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substantial change below the threshold, but a change is observed above the threshold. As 
a result of the viscoelastic response of the material, ±e polymer near the switch heater 
stripe has acquired an index of refi^tion change or "set" which lasts for a time long 
compared to the time between switch pulses (20 xns)* This index set tums the switch 
5 partially "on" where it had previously been completely "o(r\ refiectrng about 10% of the 
light out of the waveguide even in the •'ofr" condition. In addition, tlie polymer decay 
rime has been slowed by the viscoelastic response to the above-threshold excitation. Fig, 
8 with an eveii higher excitation level of 480 pJ/jim* shows an even more pronounced 
example of a response dominated by viscoelastic behavior. The insertion loss is now 
10 about 1 .5 dB, and the signal distortion shows a complex behavior involving both slower 
response time and multiple time responses. 

In the extreme case of Fig. 8, the multiple peaks present in the impulse 
response indicate that there will be additional frequency components introduced into the 
switch response to an arbitrary signal, cotnpared to a device operating below the threshold 
15 as in Fig. 6. These additional frequency components introduce an undesired distortion 
into the switch response. 

According to the invention, the undesirable behaviors can be substantially 
reduced or eliminated by maintaim'ng the temperature of the material above Tg, since the 
behaviors are tied to the viscoelastic response of the materials. The choices are to select 
20 optical waveguide materials with Tg below the operating temperature or to raise ihe 
operating tem^perarore above the Tg of the materials. 

Other characteristics of the switch response regarding its fide]it>' (e.g. rise 
time ti, fall time tj^ activation temperature^ and switch dwell time i^^ as illustrated in Fig* 
5a, for example) may remain substantially unchanged after repeated cycles of operation 
25 under essentially similar operation conditions. 

Switch insertion Loss 



According to the invention, use of one or more materials to fabricate the 
30 triple stack of Fig. 3 at a temperature above the Tg eliminates or reduces substantially 
sev^era! performance problems associated with tlie viscoelastic behavior of poljmicric 
moierials. 
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At a icaiperatiire below the Tg or the effective Tg of the material, thermal 
excitation causes the polymer near the heating etement to acquire a persistent refractive 
index ch^ge with respect to the switch cycle time. This unwanted refractive index 
change may have a variety of undesirable effects. This problem is due to time dependem 
segmental mobility. The themiai Input energy excites tiie polymer chains away from their 
previous state. However, after a very short time, Ihe chains reach a quasi-equilibrium 
(low mobility state) as the temperature drops, but in a potentially different configuration 
tliaa Lhat experienced previously. This change in chain configuration may lead to changes 
in density leading to changes in the index of reftactioa and other material properties. 
Laige single pulses or multiple smaller pulses can cause significant changes in the index 
of refraction of the material However, we have also found that th<3ro is a favorable 
change in the viscoelastic response of the material as the operating temperature is brought 
near or above Tg, so that the magnitude of the long time constant refractive index change 
is reduced (or eliminated, i.e. reduced so far that no eflbcts are seen during Ihe lifetime of 
the device). Some viscoelastic contributions are diminished above the glass ti^nsition 
temperature of crosslinked poI>^er materials. 

The additional loss observed in traversing an mtegruted optical device 
compared to an equal length of unperturbed waveguide is called the active insertion loss 
of a device. Specifically, referring to Fig, 4, when the switch is on, an input beam along 
axis 16 that is coupled into the waveguide channel 5 reflects off the TIR inteiface 20 and 
propagates out of the waveguide to fonn a deflected output beam along axis 17, %Tien 
the switch is off; the input beam of axis 1 6 should propagate through the interface and 
continue aioug the waveguide to fonn an undeflected output beam aloAg axis 18. Before 
switch activation, because the index difference at the TIR interface tsjow, the reflection 
in the off state is preferably vety low. An "ofT* switch is preferably essentially invisible 
to light propagation in the waveguide, producing extremely low loss in the input guide. 
Low insertion loss is especially desirable when the input waveguide is a bus with many 
switches. The TIR switch region in the OiF-state may have negligible itisenion loss y^heti 
first fabricated, but the long time constant index of refraciion change that occurs as a 
result of the thermal excitation can significantly increase the insertion loss. 

In one experimeni, a core niateriaj is used having a Tg thai Is nearly 120*^0 
above the operating tempeiature. A TIR switch angled at 2 degrees fixjm the waveguide 
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axis w'as fabricated from an Abtesiick L4092 epoxy lower cladding layer (Tg ^ 53*'C), an 
Epoxy-liie R46 polyurethane core layer (Tg ^ 15G^C), and an Epo-tek Uy0134 epoxy top 
cladding layer (Tg = of thicknesses of 5 pjn, L2 jim and 1 .4 jim, respectively, on 

a glass substrate. Figs, 6-8 show the measured variation in throughput as a function of 
5 time for this switch activated with energies of 200, 350, and 480 pJ/^lm^ respectively. 

Specifically Fig. 6 shows the waveguide throughput for the first cycle of 
operation of a switch that Is activated with an energy of 200pJ/)Lim^ and the waveguide 
tliroughput after die same switch is cycled for 10 minutes at 50 Hz (30/300 pulses). After 
10 minutes of pulsing, the response of the TIR-sv^Htched xvaveguSde is substantially equ^l 
10 to its response during the first cycle of operation. From this data we conclude that this 
energ;/ density is below the threshold of degradation resulting from viscoelastic re^onse 
of the material « 

Fig. 7 shows the waveguide throughput of a TIR switched waveguide 
activated with an energy of SSOpJ/fam^. a level at which the onset of degradaion resulting 
5 from viscoela^tic response occurs* After 10 minutes of cycling at 50 1-Iz the waveguide 
throughput, TPk. (measured approximately 1 OOfisec prior to s\jvitch activarton) decreased 
compared to the throughput measured prior to the first pulse, TPj. This difference in 
waveguide throughput is insertion Joss which has been induced by thermal cycling* The 
additional loss is due to a long4ived change in index induced in the region of the heating 
clement, that we attribute to the viscoelastic response of the polymer. Fig. 8 shows the 
waveguide throughput of a similar TIR switch that is activated with an even higher energy 
480pJ/ yim^ which consequently creates a larger insertion loss (--26% after 30tO0O pulses). 

Fig. 9 is a replot of the insertion loss calculated from Figs. 6-8, as a 
function of the switch energy density. As shown, prior to switch activation at a certain 
energy the insertion loss is negligible. Above a certain switch energy density M near 200 
pj/|im^ the observed insertion loss increases with switch activation eneigy. The energy at 
which the observable insertion loss increases with switch activation is the onset or 
threshold M of degradation resulting from viscoelastic effects. The threshold of 
degradation resulting from viscoelastic response is related at least to the quantities of 
time, temperauire, and eneigy. 
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Trace K of Fig, 9 shows the measured insenion loss of a TIR switch 
incorporating the preferred, lower Tg polymer described above in refer^ce to Pig. 3. The 
onset for the threshold of degradation resulting from viscoeiastic effects occurs at a 
substantially higher energy N near 4O0 p3/am\ The higJier threshold of Fig. 9 results in 
5 negligible changes in tlie index of refraction over an operating (ifedme of a device 
operating at a point sufricieutiy below threshold such as 250 pJ/>ml At this operating 
point, conventional devices made whh high Tg maiCTials will fell (i.e. show measurable 
changes in the index of refraction over an operating lifetime)^ We achieved this 
improvement in performance by reducing the Tg of the top cladding substantioJly below 
1 0 the operating temperature of the device, and by reducing the Tg of tlie core down to the 
neighborhood of the operating temperature. In oin^ single puJse data, it should be noted 
that the operating temperature is room temperature, 23''C. In our multiple pulse data, the 
operating twnperature is elevated somewhat above room temperature, decreasing the 
time-dependent viscoeiastic contribution to the observed response, reducing the long time 
1 5 constant change in the index of refraction. It is expected that there will be a temperature 
rise in the range of above room temperature, for 50 Hz operation, with pulse 

energy densities from 200 pj/fxm^ to 1000 pS/ixm\ In the multipulse data, wc are 
therefore operating the top cladding layer at least dS^'C above its Tg. From the time 
dependence of our switch response our effective Tg is about 2 1 above Tg, so dt^ 
cladding layer is operating at least 1 IX above its effective Tg. We are operating the core 
layer about 2^C below Tg and about 23*C below its effective Tg. The lower cladding is 
operated about 12X below Tg and about below its effective Tg. 

The top cladding material experiences the highest temperature changes in 
the inventive device where it is directly adjacent the heater stripe. The core layer and the 
lower cladding layers experience lower temperature excursions because of thermal 
diiftision. For this reason, the Tg of the top cladding should be well below the operating 
temperature. Doing this results in the marked improvement represented in Fig, 9- Fmlhcr 
impn:)veinenis can be obtained by lowering the Tg of the core and the lower cladding 
materials. It is expected that long-time-constant index changes should be minimized or 
eliminated in the top cladding since the materials exhibit no or minimal viscoeiastic 
response at the operating temperature is above Tg, The threshold observed in Fig. 9 is 
related to contributions from the core and/'or bottom cladding layers* The best mode is to 
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provide core and lower cladding materials having an effcciive Tg below the cpeming 
temperature of the device. Using the rule of ihunib described below, if the operating 
temperature is kept 20^C above the Tg or (he erTecdve Tg, no viscoelastic effects are 
expected to appear. 

5 The glass transition temperature of the materials is pivferably lowest in the 

upper cladding and highest in the lower cliadding. This arrangement allows any stress 
(mechanical or fabrication related) or related perturbation generated by the thermal 
switching pulse to be readily transpoited tbrougti the stack and transported away from the 
region where switching occurs and light is guided. Energy is dissipated most efficiently 
1 0 in materials with high mobility (and low glass transition temperatures), thus as 

perturbations propagate through the stack, stress and other forces are driven towai^ the 
lower clatldiug. 

The viscoelastic regime (C) in Fig, 1, lies between the elastic (B) and the 
plastic (A) regimes* Viscoelasticity is defined as the deformation of a polymer specimen 
5 which is fully or partially reversible but time-dependent, and which associated with the 
distortion of polymer chains through activated local motion involving rotation around 
dhemical bonds or related phenomena, V^iscoelastic effects, usually observed in a 
temperature band near and below Tg, are demonstrated by a time-dependent response of 
the polymeric material. The materials are significantly influenced by the rate of straining 
or heating. For example, the longer the time to reach the final value of stress at a constant 
rate of stressing, the larger is the corresponding strain. The exact boundaries of the 
viscoelastic regime are poorly defined and application-dependent. A common rule of 
thumb is that viscoelastic effects are observed ov^ common experimental time scales 
within a range of 20X below to 20^C above the glass transition tempetaiure. The exact 
range of temperatures is a llmction of the polymer chemistry, sample geometry, and the 
rate of change of the temperature during the expeiiment or the operation* Viscoelastic 
effects liave been observed as far as 120**C below Tg. For a complete discussion, sec the 
book by Ferry referenced earlier For the purposes of this document, the term viscoelastic 
will encompass both linear and nonlinear responses of the material involving molecular 
motion. Since thermal excitations induce molecular motions, viscoelastic responses are 
of particular concern in thermo-opric devices. 

In the selection of materials for the construction of thermo optic devices. 
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rate sensitivity should be obser/^ as described in relation to Fig, 2. For a material to 
I'emain unaffected by viscoelastic contributions, its glass transition t^perature would 
need to lie an additional amount lower than tlie Tg, for rapidly cycled devices. This effect 
is thus more signincajit the greater the rate or the shorter tiae active or "on" time under 
S which the device operates. For example, a nanosecond pulse device would have about a 
ten order of magnitude rate effect, or a 30^C increase in the effective glass transition 
(emperature compared to Tg, The tenninotogy of a ••bulk** or "large-scale (inacioscopic)'* 
glass transition tempe^a^Jre will be used u> describe a glass Iransitioji temperature 
measured in a slow manner (such as dilatometry). This is Ihe type of glass transition 
1 0 often found in handbocks and literature; usually* if no rate information is presented with 
the glass transition data, the implication is that the data was measured sufficiently slowly 
to reflect the bulk or equilibriuni-nke properties. 

If a device employs a poiymer with a bulk or quasi^equilibrium glass 
transition temperature of 60*C and operated such that switching occurred on the 
! 5 microsecond time scale (seven orders of magnitude rate effect change)^ the effective glass 
transition would be about SO^C. The measured dn/dT using a quasi-equilibrium method 
shows thai dtx'dT increases above about 60^C (as shown in Fig. I) and thus one may 
conchide thai a device operating above 60^C should show an enhanced thjcrmo-optic 
effect. However, ihe device operating temperature would have to be raised above about 
10 80^C to see this enhancement in a rapidly switched device. 

Operating a device above the glass transition temperature is potentially a 
problem. Non-crossUnked materials lose dimensional stability above Tg and thus flow. 
This problem may be resolved in practice by surrounding the material with rigid 
structures tliat contain the maieriaU maintain its shape, and prevent it fix>m flowing. Or, 
5 the problem may be resolved withoia use of surrounding strucmres by crosslinking the 
material such as in sol-geis, crosslinked polymers, etc. A crcssHnked pxjlymer is defined 
as a network formed by a mulriftmctional monomer/polymer. In a loosely-crosslinked 
material, local freedom of motion associated with small-scale motion of chain movement 
of chain segments is retained, but large-scale movement (flow) is prevented by the 
0 restraint of a diffuse network structure. The crosslinked network extending throughout 
the final article is stable to heat and cannot be made to How or melt under conditions that 
linear poljTOers will flov/ or me!i. Glass transitions as low as minus iOO^C have been 
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readily achieved in cvossliok^d systems; the presence of a glass transition indicates that 
tiie polymer chains retain moderate to high local mobility while the crosslinks prevent 
flow. By operating optical devices made by crosslinked polymer materials in this Tegime, 
the favorable vtscoelastic behavior inay be e?cploited without losing dimensional stability. 
5 The chemical stability of crosslinked materials is also generally enhanced over non* 
crossUnked materials. For example, lower solvent penetration minimizes solubility* and 
greater functionality limits I'csidual reactive sites that could cause decomposition or 
degradarioxK during use, and cycling materials leads to stable water and solvent absoiption. 
Viscoelastic effects contribute to the degradation of optical switching 
1 0 devices hy, fbr example, causing changes in optical throughput of the waveguide with 
time as described above^ and/or a£fecting the rise, fall and dwell times of the switch. 
Viscoelastic effects can restrict tlie operating range of a device and limit bolh the 
application specifications aiDd additionally limit the stability and fifetime of the device. In 
order to build and operate successful optical devices, viscoelastic effects must be 
1 5 minimized or eliminated under the device operating conditions. Viscoelastic efiects that 
lead to pennanent (or persistent) variation of the material properties of the core or 
cladding layers may also contribute to failure modes such as switch insertion loss* Other 
degradation mechanisms that need be considered include fatigue, creep and aging. 

Fatigue occurs in suucturcs subjected to dynamic and fluctuating stresses 
20 {similar to those <Hcperienced in the repeated thermal cycling of the ihenno-optic 

polymeric devices). The fatigue limit and fatigue life are greater for crosslinked polymers 
as compared to those thai are not crosslinked. Both fatigue and creep (slow continuous 
deform^ioii) are minimized or eliminated in elastic, crosslinked polymers. 

Thermal history is an important parameter in determining viscoelastic and 
25 thennomechanical behavior- For example, in quenching amoxphous polymers &om above 
Tg, the free volume or local mobility is increased, which facilitates relaxation and 
recovery. Annealing the poi;/mer befow Tg decreases free volume and enthalpy, 
increasing the yield stress and decreasing fracture toughness. (This phenomenon, icnovvTi 
as aging, is vs^ll described in the polymer research literature; see for example Physical 
30 Aging cf Polymers by John M. Hutchinson, Prog, Polym. Set, VoL 20, 703-760, 1995), 
Aging refers lo changes in the polymer properties with time, including embrittlement, 
changes in index, changes in density, and other factors that will cause optical device 
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degradation. 

Other factors vvhich cause performance dcgrsdaf ion include mechanical 
stress relaxatioa and processing induced residual stresses which c^ cause refractive index 
changes in the materia] fliat may degrade device perfbmiance efficiency, e,g, switch 
5 eflici^icy* When polymer films are laid do\^'n onto substratei;, the deposition processes 
may iadiice stresses in the lllm which remain lo a degree as residual stresses z&cr 
completion of all the process steps involved in fabricating a part. These stresses should 
be different in the direction in flie plane of the surfece of tiie substrate, as compared to in 
the direction normal to the plane of the substrate. Since stresses generally produce a 
1 0 change in the optical index of refraction, such differential stresses produce slightly 

different index values for TE and TM optical pobrization (in the plane atid normal to the 
plane, respectively). As a result, the polymer film is birefringent. By operating a device? 
above the Tg of one of more of the films, tliis birefringence is minimized. Above the Tg, 
the polymei* chains acquire a degree of freedom of motion (limited by their viscoelastic 
1 5 properties^ the amount of allowed motion depending upon the properdes of the polymer 
such as the chain rigtdity^ and the crosslink density) which allows the material to relax 
under the applied strain. The relaxation eSfectively reduces die birefringence* A 
reduction in birefringence is desirable for many optical devices. 

Gratings, which are discussed in more detail later, are particularly 
20 sensidve to birefringence because the two polarizations which may be propagating in the 
waveguide that transits the grating experience different index of refraction* The resonant 
frequency of the giating. (The highest peak of the grating spectrum) d^ends on the index 
of refinction^ so gratings fabricated in bire&ingent films will exhibit a fiequenoy 
dependence that is different for ilie two polarizations. Operating such devices above the 
25 Tg to exploit the high mobility relaxation therefore significantly improves tbeir 
performance charact^stics (reducing their polarization dependence). 

In general, the benefits of using a optical material system with at least one 
crosslinked transpaient polymer with an effective glass transition below the operating 
lemperarure may be exemplified in part as follows: By operating above the viscoelastic 
30 regime, theimal cycling will not lead to time-dependent responses such as Increased cjxle 
lime and switch insertion loss resulting from tlicrmally-induced materials clianges such as 
density dinft, index of refraction changes, volumetric evolution, and thermal sti-ess build- 
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Up. Additionally, the device may be operated over a signiilcantiy broader range of 
appKcaiion temperatures/service temperaiuiesS wilhout fatigue, embritilement, cracking, 
aad crazing. This enhances ihe device performance zod conunercial X'iability' of a given 
device technology. The reproducibility of the information obtained from a device as 
5 embodied in this invention is also enhanced, since time-dependent effects are minimized 
or eliminated. 

As indicated above, viscoeiastic effects can restrict the operating 
t^nperature range of a device^ and limit both the applicaiion specificalioxis and the 
stability and hfetime of the device. If viscoeiastic effects on all time scales of interest to 
1 0 Uie device duririg operation and use can be avoided, it will provide a time-independent 
device which can be reproducible, stable, and robust to operation. The present invention 
addresses the need to provide optoelectronic and photonic devices that arc less affected by 
viscoeiastic effects. 

Degradation in material properties from viscoeiastic effects may lead to a 
i 5 variety of failure mechanisms* Viscoe lasric effects are the result of time dependent 
rearrangements of the polymer segments which are long on the time scale of the 
perturbation applied. In order to compete efiectively in the maricetplace advances in both 
performance and reliability must be achieved. Degradation in material properties from 
viscoeiastic effects include failure mechanisms reiating to changes in density, volume, 
20 (hernial (thermal conductivity, coefficient of thermal expansion), mecbanicaf (stress 
relaxation, modulus), electrical (dielectric constant), magnetic (susceptibility), opdcal 
(index of refraction, loss), chemical (solvent stability^ environmental stability) and 
processing (residual stress, manufacturability) characteristics. Note that the degradation 
resulting from viscoeiastic effects listed above may occur independently, sequentially^ or 
25 in combination whether or not they are observed over the time scales of measurement. 

The device fabricated in this embodimmt using the materials described 
above will have a multiplicity of benefits that can be obtained by eicploiting the 
viscoeiastic properties of the materials above Tg* These benefits include but are not 
limited to. an enhanced thermo-optic coefficient, improved switching efficiency, reduced 
30 energy consumpUon, faster switch response tim.e, improved cycle time, extended 

operational lifeUmes and switch fidehty, reduced creep, linearity of index of rcfiraciion as 
a function of temperatiu^, and reduced birefringence. 
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Enhanced tfaermo^optf c coefficient 

Larger da'dT values, specifically for TIR switches, enable lower opiating 
temperatures to be utilized. Therefore to exploit lower design temperatiires, it is desirable 
to fabricate devices using pobwers with larger thermo-optic coefiicients. The vertical 
5 axis of Fig. 1 is related by a f nuhlplicalive constant to the index of refraction of the 
oiaterial. It &Uows that larger values of dn/dT can be obtained by operating above Tg. 
We measured dn/dt values of several polymers as a funciion of Tg- In Table 1 below, 
values of da^dT are listed for several poJjroers, which results have bean obtained by either 
th^ inventors or were reported in Moshrefzadeb. J, Lightwave TechnoL, Vol. JO, 

1 0 April 1992, pp, 423-425, Polystyrene (PS), poly(methyl meihacrylate) (PMMA), 

polycaibonare (PC), polyimide (PI) and polyureihane are high Tg (Tg > 10<y*C) linear 
polymers (tliermoplaslics). Norland 61, Norland 68, are crosslinked epoxies with Tgs of 
about lOOX and ZS^'C respectively. We have observed thenno-optic ooefiicienls that are 
two to three times higher in lightly crosslinked lower Tg materials as compared to higher 

1 5 Tg linear and crosslinked materials. 
Table 1 

Material dn/dT (x 10-^)fI/''C] Tg[^C] 
Polyimide -1.5 250 
Polyureihane -1.4 130 
20 PC^A -13 130 
PS , -0,83 100 

PMMA -M 100 
Norland 61 -2.6 80 
Norland 6S -3,1 35 



25 



Using the Norland crosslinked polymers* higher values of dn^'dT wexe 
obtained because of enhanced local mobility of the polymer ciiains at the operating 
condition: the lower glass transition implies higher mobility for this experiment The data 
in Table 1 suggests that Rnther enhancements in the thermo-optic coefficients may be 
realized by further reducing the Tg of the polymer below the operating temperaiuie. 



Smtcbing JCfficiency 
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Using m^iieriaU from the famiJy described above, increased swiiching 
efficiency may be obtained compared to similar devices fabricated using high Tg 
maierials operated under identical conditions (same wavelength, switch enCTgy, exc). Tlie 
increased switching efficiency results firoin the lower switch activation energy required to 
5 induce the same refractive index difference at the TIR interface* 

In the above example the TIR switch is designed to operate in a tetnperature 
range such that a predetermined minimum quantity of optical radiation is deflected from 
flie waveguide, depending upon application and field of use. Switching efficiency is 
determined by first measuring the waveguide throughput, Tp, before device activation and 
1 0 then dtfring switch activation, The switch efficiency is caiculaied using the expression 
efF= I- T^ / Tp* Switching efficieaicy refers to the maximum amount of optical radiation 
deflected from the waveguide when a switch is activated under repetitive pulsing at 50Hz 
compared to the throughput of the waveguide when the switch ts in the *'ofr* state. 

Table 2 lists the results of switch efficiency measurements on devices 
15 containing thermo-optic TTR switches that were operated at temperatures near 23^C. 
Device 1 was a 2-degree themio-optic switch comprising the high Tg materials set 
described above (Epo-tek/Bpoxy^^lite/Ablestick) on a glass substrate. Device 2 is a 
preferred embodiment fabricated with lower Tg materials (Gelest/Norland/Gelest) on 
glass with nominally the same switch geometry and layer thicknesses* In aJl 
20 measurements, essentially similar TIR swiu^hes were activated with a curr«it pulse that 
delivered 200pJ/^r of energy to the beatmg element and the switch efficiency was 
measured as described earlier. As Table 2 shows, devices that incoiporaled bur lower Tg 
material system had much impn>ved switch efficiencies* The switch efficiency increased 
from near 0% to approxiciately 80% when the Lhexmo-optic coefficient of the core layer 
25 was changed from -1 .4xl(r* [1/C] to -3.3x10"* [l/Cl These results show that the switch 
efficiency can be improved by operating the device near or above the glass transition 
temperature of the polymers used in the optica] waveguide. 
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Table 2 

Tg 



Switch efficiency at 200 pJ/|im^ 



Device I 
Device 2 



Epoxy-Lite R46 
Norland 68 



+150^C -0% 
+35 *C 80% 



10 



Although we used room temperature devices, the same effect of using a 
using a lower Tg/higher mobility polymer can be achieved with higher Tg matedals by 
heating the d^ice to operate at a nominal operating te^]pera^a^e that equals or exceeds 
the Tg or the effective Tg* 



S^vltdi Esergy CoDsdmptioB 

The device fabncated in this embodiment required the control element to 
deliver less elecirical energy to the switch element since larger thenno-optic coef&^iems 

1 5 enable lower operation temperatures la achieve the same or perhaps better switch 

efiiciency than similar devices fabricated using higher Tg materials. To iUustrate this 
point further we tested De\ice ! arid Device 2 as described above, by measuring the 
amount of electrical energy that produced a predetennined switch efiiciency of -^0% in 
each of the devices. Table 3 lisu the electrical energ>' supplied lo the TIR heating 

20 element to achieve nearly 80% switch efnciency. The data in Table 3 indicates that 

devices incorporating material layers with larger thermo^optic coeflicients required less 
electrical enes^gy to achieve similar switch efSdciency than devices comprised of higher Tg 
materials, Again^ th^ results show that the switch energy consun^tion can be reduced 
by operating the device near or above the glass transition temp^ture of the polymer? 

25 used in the optical waveguide. 



Table 3 

Device 1 
30 Device 2 



Core Layer 
Epcxy-Lite R46 
Norland 68 



Tg Energy for 80% switch efnciency 

+150*C >450pJ/fAm- 
+35°C 200pJ/|Lun' 
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The de^dce fabricated in this embodiment produces a faster switch for a 
Given hearing rate since lower minimum operatmg temperatures are necessaiy to achieve 
5 the refractive index differential to achieve TIR switch activation. Fig. 10 shows 

temperature responses for tv.'o diiTerent polymer TIR switches* Trace A illustrates the 
temperature response of a device incorporating a high mobility/lower Tg/large dn/dT 
poljwer that is operated at a temperature to achieve TIR s^^itch activation. The switch 
reaches the activation temperature^ T^, enabling TIR switching to occur at a lime t,. After 
1 0 the switch has been deactivated the temperature returns to equilibrium, a value T^, close 
to its original temperature at a time t^. The switch *'oycle time" for this high 
mobility/lower Tg/larger dn/dT polymer switch is (t, - 

Trace B illustrates a device incoiporating a higher Tg polymer switch that 
is operated at a temperature to achieve TIR, After a larger application of thermal energy 

1 5 than for the switch of Trace A, the switch of Trace B reaches the activation temperature, 
Tg, enabling irR switching to occur at a time t3, later than the time t|. AjEier the switch has 
been deactivated, the tempei^ture returns to equilibrium^ Ts, a tempcrarure close to Its 
original temperature at a time and consequently the refiractivc index of the polymer 
material reverts to its equilibrium state. The switch cycle time for this higher Tg polymer 

20 switch is (t,- i^). Note that it takes longer to return to a temperatxjre near equilibrium from 
a higher temperature than it does from a lower temperature, thus increasing the switch 
cycle time. The switch cycle time can be improved by operating the device near or above 
the glass transition temperatture of the polymers used in the optical waveguide. 

Note that the benefits described above may occur independently, 

25 sequentially, or in combination whether or not they are observable in a specific device. 
Many variations in implementation apply to this invention. Most 
importantly^ any material known in the art with a glass transition temperature may be 
used for the waveguide materials, including urelhanes, siloxanes, acrylates, 
(luoroelastomers^ alkenes, dienes, ayrlates, niethyacrylics^ methacrylic acid esters, vinyl 

30 ethers, vinyl esters, oxides, and esters or perhaps other pol>7ners that possess tailcrable 
Tg's, and optical transparency. These materials may be combined with other materials 
known fn tlie art including glass, polj^ner, semiconductor, sol-gel, aero-gel, and/'cr metal, 
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to form the desired waveguidmg ^tracture^ provided that at ieast one of the materi^s in 
the wayegiiiding structure (i.e. traversed by at least an ^?vanescem field of optical 
radiddon) is a polymer operated above Tg. 

Other types of waveguiding structures known in the art can be used, 
5 including ridge waveguides fabricated into the core rath^ than the lower cladding 
patterned waveguides formed &om four-layer (or more) stacks, claddiug-loaded 
Mrweguides, buried waveguides, difmsed waveguides, photodefined waveguides^ 
bleached or poled waveguides, serial grafted guiding structures, etc., provided thai a local 
index enhancement is produced within the boundaries of the desired guided mode pattern. 
10 The local index enhancement may by symmetric or asymmetric relative to the center of 
the wax'cguide, and diiTereut combinations of refractive indexes may be used as is known 
in the art. Patterning techniques known in the art that can be used include wet etching, in- 
or out-diffUsion, liftoff, laser ablation, tocused ion beam processing, etc. Coaling 
techniques known in the art that can be used include spinning, extrusion, slot-die, 
1 5 evapomtion or vapor phase deposition, meniscus coating, lamination, etc. Substrates may 
be chosen from among many known in the art including glass» silicon^ metal, 
s^iconductcr, polymer, etc* 

Other resistive films known In the art may also be chosen^ including NiCr, 
WSi, SiN, other metals and compounds, and various other forms of silicon such as 
20 amoiphous silicon, and all these films may be doped with other species to improve their 
properties, provided lliai the resistivity obtained with the film is adequate for heating the 
waveguide in the theimo-optic regioiL The resistive film pattern may or may not iticlude 
electrode structures made of other materials such as conductive polymers, metaJs 
including Al, Cu, Pd, solder, etc., but these connection stmctures are preferably made of a 
25 Ingti conductivity material that enhances the connection process to the external electmnic 
leads that should be cotmected to the control element with low contact resistance. 

Othd* switch elements (including Y-branch switches, cix>ssing waveguides, 
parallel couplers, gratings, eJectro-optic and electro-strictive devices, etc*) could be used 
in place of the TIR switch. It will be apparent to those of ordhiaiy skill In the art that 
30 certain modifications well kno\sTi in the art will be required to enable the alternative 

devices io operate desired* For example, in an electro-optic grating which requires the 
use of an electro-optic polymer layer as compared to the themio-optic polymer layer in 
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the exatnple above, the control element w^uld be in the fomi of A voltage supply^ 
Supplying voltage to an electrode placed over Che waveguide in a similar fashion to the 
resistive heating element described above creates an electric field in the electro-optic 
polymer layer, and changes its refractive index tlirough the electro-optic effect. 
5 Ultimately switch activ^ion will cause the deflection of light from the waveguide as m 
the previous example. However, double crosslinking of the chromophores will be 
desiiBble to maintain their oriencation when operating the materials above their Tg to 
exploit (he favorable viscoelastic propertied. In some appHoaiions it may be 
advantageous to deposit additional layers (e.g. for heaters^ for hermetic layers, opaque 

1 0 layers, etc.) as device and material requirements necessitate. 

The TIR switch is an example of a controller that controls the propagation 
of optical radiation in a transparent material. Other examples include Mach<-Zehnder 
modulators, Y-branch splitters, gratings^ parallel couplers, and many others including in 
gen^l ih^mo-optic. electro-optic, and acousto-optic devices and devices actuated by 

1 5 applied stress or strain. 

These altcmadves may be combined with any of the dexices ot 
implementations of our invention described hereui, repeated units may be fabricated, and 
p^rts of one device described here many be integrated with all or parts of other devices 
described here, or known in the prior art. 

20 

Mach-Zchnder Modulator 

An illustration of a ^ermo-optic Mach-Zehnder modulator is shown in 
Fig. 1 1 . This figure shows a tfaree-dimensiona} rendering of a multi-Jayer stack 
comprised of a lower cladding layer 32, a crossiinked polymer waveguide core layer 34, 

25 into which a waveguiding structure has been defined by one of many means described 
earlier, and a crossiinked polymer top cladding layer 36* The core layer contains input 
and output waveguides, 38 and 40 respectively, input and output y-branches, 42 and 44 
respectively, bias and a signal waveguides, arms 46 and 48, Located over the bias and 
signal waveguides on top of the multi- layer stack are two resistive heating elements, one 

30 of which serves as a bias heating element 50 and die other as the modulating beating 
element 52. There are control elements 56 and 54 to individually supply cunent to the 
bias heating dement and mocUilating heating element respectively. 
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It) this optical device, light enters through an input waveguide 38 where it 
is then split in the input y-branch and propagates into the bias and the sigoid waveguides. 
In the absence of any control current to the heating elements, light propagating in bias 
and signal waveguides are recombuied at the output y-brancb and interfere constructively 
or desmicti vely according to the relative phases and finally exit (he de\ice through the 
output waveguide 40. 

The control current supplied to the bias heating element Is adjusted to 
change the temperature Tbias and hence the steady state refractive index of the pol>Tner in 
tlie proximity of the bias iieating element al(Tbias). The le&active index change caused 
by the thcrmo-optic effect changes the optical path length of the light in proximity to the 
bias heating eJement such that the optical phase difference between the two arms of the 
interferameter is nearly -^A7r/4 and a half-maxiraum optical intensity is observed at the 
output waveguide. A modulated conUx)f current is then iqjplied to the modulating heating 
element. Since the device is biased at the half-maximum intensity location, subsequent 
device output will be proportional to the ^plied driving current for small modulation 
currents. Changes in the control current will result in time dependent optical response. 
The optimum performance of this device imder repetitive cycling of the 
modulating current requires a polymer material that returns to equilibiium ornem- 
equilibrium when the modulating control current is tumed-oiff and minimal drift of the 
refractive index of the polymer near the bias heating element. U\hc material properties of 
tlie polymer, for example the refractive index, density, or volume in ptoximity to the 
heating elements evolve with time, the required bias temperature to achieve n/4 optical 
phase shift will diflfer from the originally designed temperature, V/hen operating such 
devices below the Tg of tiie optica! materials as in the prior art, differential index changes 
can build up that uiibalance the phase of the two beams in tiie output 40 and device 
pcrfonnance win degrade. This degradation may be partially compensated by changing 
the bias temperature controlled by the heating and control elements 50 and 56, but in 
practice a drift in the bias temperature usually requires additional hybrid feedback or 
tracking electronics. For device simplicity and cose concerns, it is desirable to have 
de\ices that function nomially wiUiout additional control electronics. 

Fig. 1 2 illustrates how changes in the bias temperature affect the intensity 
of the output light. The figure shows the output signal intensity as a function of bias 
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waveguide temperature (Tbias) plotted as a solid line and indicates the temperature at 
which the inierferometer is originally biased at If the material properties change dae 
to viseoelasiic iDaterial response^ the optical response of the device will also change so 
that a different temperature^ T2, is now required to attain the same 7t/4 phase shift (dotted 
line on the iigure). A device designed to operate with a bias temperature TI no longer 
fiinctions as intetided. Furthermore, if the guide properties of eitiier arm of the 
interferometer change with respect to the other (as by changes in density due to the 
viscoelastic response), the splitting of light at the input y^branch will be unbalanced and 
the contrast ratio of the interferometer will decrease tii time. 



For the de\ice to operate with negli^ble decrease in conurast ratio and at the 
temperature intended without additional cotitrol electronics, it is desirable to utilize 
materials with negligible viscoelastic response, A device comprised of lower Tg material 
would be less effected by viscoelastic effects and as such would function more reliably 
1 S than devices comprised of materials exhfoiting observable viscoelastic responses. 

Y-bratich Splitter 

Fig. 13 shows a, top view of a three-layer stack comprising a lower 
cladding layer 60, a crosslinked polymer waveguide core layer 62 (into which waveguide 

20 structure has been deiixied by means described earlierX and a crosslinked polymer top 
cladding layer 64. The core layer contains an input waveguide 66, and two output 
waveguides 6S and 70, with an angle of separation 72 between them* Located on the 
stack are rw^'o resistive heating elements 74, 76 which lie approximately overtly output 
waveguides and have nearly the same width. Each switching element is powered by a 

25 current supply 80, 82 so that either electrode can be individually activated. The figure 
also shows a waveguide hranch where the single input waveguide splits into die two 
output waveguides at 78. The heating elements are offset from the branching section to 
allow a gradual heating (as viewed along the axis of one branch of the waveguide as 
compared to ihe other (deactivated side). 

30 A heating element increases the temperature of the polymer material near 

it, and lowers the effective refractive index of output waveguide under the activated 
healing element compared to the unheated output waveguide as a result of the diermo- 
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optic effect. Light xvill preferenlially coupJe into the output waveguide with the higher 
effeciive refractive index as is well known in the an. Such a design producer an ediafaatic 
tliennal heating of a region in proximity to the activated heating eiement Without any 
current applied, light encering the branch &oni the input waveguide is split betwcert output 
5 waveguides. 

Such devices that operate at teniperatures near or below the effective Tg 
are inherently suscq^tible to changes in material properties fiom visooelastic eiTects. For 
example, consider the case of a pennanent change of the re&active Judex in polymer 
malarial of one of the output waveguides compared to the other as a result of vi$cocIasiic 
1 0 etTects. If the refractive index of polymer material under the heating element of eidier 
waveguide evolves with repeated gwitch operation, failure in the fbmi of preferential 
routing of light into the waveguide with a higher refractive index will occur, even in the 
absence of a comml current to the heating element. 

Fig, 14 Illustrates the Y-branch degradation mode of a splitter utilizing 
1 5 high Tg polymer material(s). The figure shows an example of the optical power in each 
output waveguide aJler the completion of a given number of operation cycles of switch 
76. Initially, the Y-branch equally distributes power into both output waveguides, by 
design* As the number of cycles increases, viscoelastic effects cause a long time constant 
refractive index change, and the branching symmetry is broken. Eventually a state may 
20 be reached when the splitting of light into the output waveguides in highb' fisynunetric 
when neither heating element is activated, and the device no longer functions as the 
desired EDB splitter in the off-state. We have shewn the evolution to be linear, but the 
detailed temporal form of the througii^ut change in a given application depends on both 
the materials used, the pattern of arrival of switching control signals, 
25 As stated earlier, if a substantially permanent index of refraction chwge 

occurs in the polj-mer material under a heating element (76), light will preierentially route 
into the waveguide with the higher refractive index (68). In order to route light into 
output waveguide (70) a higher current would be required to overcome the preferential 
routing caused by damage (the degradalioii in material properties) to output waveguide 
30 70, If the cycle is repeated, excess damage will be incurred in each cycle. The failure 
mechanisms described above will be reduced or eliminated if the de\nce is fabricated 
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using lower Tg polymermaterxajs enabling opei^ation above the Tg of th© polymer 
materidl(s). 

Tbermo-optic GriitiBg Devices 
5 In practical devices, it is desirable for the device to respond Kneariy to the 

application of a control signal. This property 1% desirable because it simplifies device 
eleccronics that cantro) and monitor perrormance compared to systems that possess a 
nonlinear response which then require complex algotithms to relate device conml signals 
to device response. In addition, response linearity allows uncomplicated adjustment, 
1 0 tuning, and control of device operation because sig^oaj and re^onse are related by a 
simple derivative relationship and device performance can be predicted if the control 
signal is known, 

Thermo-optic devices operated in tlie spirit of this invention^ comprise 
materials v/ith Tg below the operating temperature of the device and therefore naturally 

1 5 operate in a regime where the refractive index of the polymer reasonably changes linearly 
with temperature (see region B of Fig. 1 ), 

In contrast, devices comprised of materials with Tg above the operating 
temperature will experience a change in the slope of the themio-optic coefficient as the 
teniperature of the device is raised above Tg. This change in slope produces a nonlinear 

20 response of the index of refraction to the applied control signal (temperature). Note that 
devices operated at temperatures well below Tg (see region A of Fig. 1) also exhibit 2 
linear relationship between reiractive index and temperature* but thes<^ devices operate 
witli a lower thermo-optic coeiUcient than devices operating at a temperature above Tg> 
and they experience the unfavorable viscoelastic effects described above such as Jong- 

25 time constant change in die index of re&action which may unbalance a device or increase 
its insertion loss. 
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Elements capabJe of being i^gulated to attain a desired temperanire or 
index of refraction include devices such as graiings as shown in Fig. 15. Polymer thernio* 
optic grating dovjces may be used as optical filters, add/drop multiplexers, or more 
generally as thenno-opticalJy tunable Bragg graiings. Desirable properties include long- 
5 term stability of index of refi-action, a large material themio^ptic coefScient linearity of 
r<»;ponse as a function of temperature> and lack of bireftingeoce. All of these properties 
arc uniquely obtained with optical polymer waveguide materials operated above their Tgi 
and pi^eferably above their effective Tg. 

Consider a Bragg grating formed by fabricating a polymer multi-layer 
1 0 stack: consisting cf a lower cladding 94, core 1 00, and upper cladding 92^ on a sub&tiate 
96. The core layer contains a waveguide (as described earlier) where the optical mode in 
the waveguide 102 now overlaps a region containing a grating 104, The grating may be 
fabricated by one of several methods laiown in the art including etching, ablation, 
molding, embossing, lamination, e-beam writiz2g, holographic exposure, etc., provided 
1 3 tliat the process proWdes adequate modulation of the index of reixaction with the desired 
periodicity. The grating period (typically on the order of the wavelei^th of tight) is 
selected to achieve Bragg reflection lor at least a predetermined wtivelength of li^t 98 
propagating in or coupled into the waveguide. Light of wavelength sadsfiang the Bragg 
condition is rellected or coupled into another path* In a preferred embodiment, the 
20 gnuing retro-reflects light in the waveguide. 

The Bragg waveguide reflector can be made tiiermaily tunable by 
fabricating a heating electrode 106 on the device in proximity to the grating element 
When a control element 1 10 delivers current to the healing element the temperature of the 
polymer (grating) m proximity to the heater wiH change as a result of the thermo-optic 
25 effect. The refractive index change of the grating affects the wavelength of light that 
satisfies the Bragg condition so that a diflerent wavelength is now Bragg reflected in the 
waveguide. If Oie process is repeated at another temperature another wavelengtli will then 
satisfy the Bragg reflection condition* In this manner the device is tunable because a 
temperature can be selected to achieve Bragg reflection at many predetermined 
30 wavelengths. It should be noted that this device is usually operated in a steady state 
lemperature condition so that a single wavelength will satisfy the Bragg retlection 
condition over a given time interval A linear temperature change of the poiSiTmer 
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material comprising the grating in this invention then produces a linear i^espoDse of the 
resonant wavelength of the grating with respect to temperature^ thus providing linear 
mnability. m addition, grating devices in thus invention will have wide resonant 
wavelength tuning capabUity (bandwidth) because of enhanced thermo-optic coefScients. 
5 The invention has now been explained with reference to specific 

embodiments. Other embodiments will be apparent to those of ordinary skill in trie art* 
Therefore it is not intended that the invention be Hmiled, except as indicated by tlie 
appended claims, which form part of the invention description. 
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WHAT IS CLAIMED IS: 

1 . A thermo-optic apparatus which is thermalJy cycled comprising: 

a polymer having a glass transition temperature not exceediiig a minimum 
operating Temperature of the polymer along an optical path such that the component 
functions in a manner allowing polymer chains lo retain high local mobility. 

2. The apparatus according to claim i fiirther including a ihcnnal 
excuaiion element thermally coupled to an optical transmission region of the component 
for controilably effecting a change in refractive index in response to temperature change 
during a period of interest. 

3. The apparatus according to claim 2, wherein said excitation 
element is a patterned resistive layer. 

4. The apparatus according to claim 2 formed as a deflector, 

5. The appaialus according to claiin 4 wherein said deflector is a total 
internal reflection switch. 

6. The apparatus according to claim 2 foimed as a controller capable 
of regulating to a desired index of refraction. 

7. The apparatus according to claim 6 wherein said controller is a 

grating. 

8. Tlie apparatus according to claim 1 wherein said glass transition 
temperature is at least 20 C below a minimum operating temperature of said polymer, 

9. The apparatus according to claim 1 further including a beating 
element to maintain a minimum operating temperature, 

10. The apparatus according to claim 1 fiirther inchiding a cooling 
element to regulate ihe nominal operating temperature, 

1 J , The apparatus according to claim 1 wherein said optical paih is an 
optica! waveguide segment. 
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12. The appai^tus accord:ng to claim I wherein said polymer is a 
cros$] inked polymer, « 

1 3. The apparatus accoiTcJing to claim I wherein said poiyiner has an 
effective glass transition t^perature not exceeding a minimum operating temperature of 
the polymer along an optical paUt such thai the cotnponent functions in a mrmner allowing 
polymer chains to retain high local mobility. 

14. The apparatus according to claim I, wherein said polymer 
comprises at least one layer on a substrate* 

1 5 . An optical device comprising: 

at least one element of an optica] ly transparent polymer having a glass 
transition temperature and a temperature dependent excitation threshold for the 
appearance of viscoelastic effects; 
5 a themial exciter disposed proximate said polymer element for actuating 

said polymer olemenC; and 

a temperature control system for regulating the nominal operating 
temperature to a range around a design temperature, such that said operating temperature 
is maintained above said glass transition temperature, in order to exploit viscoelasiic 
1 0 effects at temperatures above said glass transition temperature. 

16. The optical device according to claim i 5 whei'ein said thermal 
exciter is operative to change the index of re fraction of the optical element. 

1 ?- The optical device according to claim 1 6, wherein said change in 

index is cyclic, 

18. The opdcal device acconling to claim 15 further including an 
optical waveguide optically coupled to said polymer element. 

1 9. The optica] device according to claim 1 5 further including 
electrodes forming a portion of said (hernial exciter. 
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20, The optica! device according to claim 15 wherein said polymer 
element i}> disposed in sn optical path as an optical switch, said optical switch being 
responsive to said thermal exciter to change trai^stnissive state. 

2L. The optical device according to claim 20 whemn said optical 
switch is a total internal reflection switch, 

22. The optical device according to claim 15 wherein said polymer 
element is disposed in an optical path as a conCroIler capable of regulating to a desired 
index of refraction. 

23. The optical device accoixiing to claim 22 wiierem said controller is 
a tumble optica! graling responsive to said thermal exciter, 

24. The optical device accoixiing to claim 1 5, wherein said glass 
transition temperature is at least 20** C below the polymer nominal operating temperature. 

25. The optical device according to claim 15 further including a 
cooling element to regulate the nominal operating temperature- 

26. The optical device according to cJaim 15^ wherein the excitation 
threshold is a threshold of slow change of index of re&action in said polymer, said slow 
diange in index of refraction having a rate of change which is less thaii a rate of cliange of 
thermal excitation applied by said thennal exciter, 

27. The optical device according to claim 15, wherein said polymer is a 
ciiosslinked polymer, 

28. The optical device according to claim 27, wherein the excitation 
threshold is a threshold of slow change of index of refraction in said crossliiiJced polymer 
and wherein said temperature control system is operative to maintain said nominal 
operating temperature such that the threshold relative lo the thermal pulse energy per unit 
area is substantially greater than the Uiermal pulse energy per unit apphcd by sftid thermal 
exciter, 
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29. The optical device according to claim 27, wberftin the excitation 
threshold is a tiireshold of slo'^ change of ind^x of refraction in said crosslinked polymer 
and wherein said temperature control system is operative to maintain said nominal 
operating temperature such Ihai the tlireshoid relative to the thermaJ power per unit area is 

5 substantially greater than the thermai pov/erper unit applied by said thermal exciter. 

30. The optical device according to claim 1 5, wherein said polymer has 
an effective glass transition temperature;, and said temperature control system regulates 
the nominal operating temperature to a range around said design temperature, such that 
said operating temperature is maintained above said effective glass transitioi^ temperature, 

5 in order to exploit viscoeJastic effects at temperatures above said effective glass tramition 
temperature, 

31. An optical device comprising : 

at least one layer of an optically transparent polymer element characterized 
by a glas55 transition temperature below a nominal operating temperature of £aid optical 
device; 

5 an optical waveguide disposed to include said polymer element; and 

a temperature control system for regulating operating temperature such 
that said operating temperature is maintained above said glass transition temperature in 
order to exploit at least one property of said polymer at said nominal operating 
temperature. 

32. The optical device according to claim 31 wherein said property is 
rate of change of index of relraction with temperature. 

33. The optica] device according to claim 31 wherein said property is 
reduction of powei- requirements require<l to excite said polymer element 

34. The optical device according to claim 33 wherein said property is 
reduction of thermal energy requirements required to excite said polymer element- 
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,15, The optical device according to claim 31 wherein said property is 
fidelity of reproduction of a predicted response vviUi minimum distortion, wherein said 
predicted response is in form of rate of change of index of refraction vs. time. 

36. Tlie optical device according to claim 31 wherein said properly is 
miDimized generation of additional lirequency components of an output signal relative to a 
predicted signal* said output signal being a rate of change of index of refraction vs, time. 

37. Tlie opdoal device according to claim 31 wlierein said property is 
reduced optical insertion loss of said element 

38» The optical device according to claim 31 wherein said property is 
increased lifetime including tolerance for thermal cycling, 

39. The optical device according to claim 3 1 wherein said property is 
low residual stress associated with fabricatioo. 

49. The optical device according to claim 3 1 wherein said pxoperty is 
low bireixingence^ 

41 . The optical device according to claim 31 wherein said proj^^Jty is 
the essentially constant rate of change of index of refraction as a function of tempei-ature. 

42. The optical device according to claim 3 i wherein s^d A^Ace is an 

optical grating. 

43. The optical device according to claim 42 wherein said property' is 
the linear relationship between tiie resonant wavelength of said grating with respect to 
temperature* 

44. The optical device according to claim 31 formed as an optical 

switch^ 

45. The opiical device accordiiig to claim 3 1 further includmg an 
applicator electrode for thermalJy exciting a change of index of refraction of said element. 



Al 

46, The optical device according to cJaim 3 1 v/betein said polymer is a 
crcsslinked polymer, 

47, The optical device according to claim 46 wherein said proper^' is 
reduced long'term physical deformation (creep) of said element. 

48, The optical device according to claim 46 wherein said property is 
low residual stress associated with thermal cyclins. 



polyaciylate, 
polyacrylate. 
polyaccylate* 
polyurethane. 
pol>ruretbane. 
polyurethane* 



49, The optical device according to claim 3 1 wherein said poJymer is a 

50- The optical device accoiding to clsim 15 wherein said pohmer is a 

5 1 . The optical device according to claim 1 wherein said polymer is a 

52. The optical device according to claim 31 wherein said polymer is a 

53. The optical device according to claim 15 wherein said pol>iner is a 

54. The optica device according to claim 1 wherein &aid pol>Tner is a 



55. An integrated optical switch comprising: 
a substrate; 

a waveguide disposed on the substrate, the waveguide having an output; 

a pol>Tncric element disposed on the substrate proximate to the output of 
the waveguide to opiically couple to the waveguide, the polymeric element being 
optically iransmissive and having a selected glass transilion vemperature; and 

a heating element thermaliy coupled to tlie polymeric element to mainiairi 
an operating temperature of the polymeric element above the selected glass transition 
temperature. 



WO00/5T221 



PCT/US0aQ7630 



42 

56. The integratsd optical switch according to claim 55 wherein said 
heating element is configured to further provide transient thermal energy' to said 
pclymeric element to alter an optical characteristic of aaid pol>Tn€ric element and actuate 
said integrated optical switch* 

57. The integrated optical switch acoording to claim 55 ftirther 
comprisitig a second heating element thermally coupled to said polymeric element to 
provide transient thermal energy to said polymeric element to alter an optical 
charactensdc of said poiymeric element and actuate said integrated optical switch. 

58. An optical device comprising: 

an input Tvavaguide coupled to an input of the optical device, the input 
waveguide having a transmission axis; 

a first output waveguide optically coupled to the input waveguide and 
forming a first angle of separarion with the tratismission axis of the input waveguide, the 
first output waveguide including a section of poiymer material having a selected glass 
transition temperature; 

a second output waveguide optically coupled to die input waveguide and 
forming a second angle of separation with the transmission axis of the input waveguide no 
that light transmitted by the input waveguide is capable of being split betft^een the first 
output waveguide and die second output waveguide: and 

a heater, thermally coupled to at least the first output waveguide^ to 
maintain an operating temperature of the polymer material above the selected glass 
transidon tempemture* 

59. The optical device according to claim 58 wlierein the second oiitput 
waveguide includes a second section cf polymeric material having a second selected glass 
transition temperature and further comprising a second beater thermaUy coupled to the 
second output waveguide* 

60, The optica) device according to claim 5S wherein said iirst angle of 
sepai-ation is zero degrees and said first output waveguide is a continuation of said input 
waveguide. 
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61. A Total Internal Reflective (TER.) optical switch coitiprising: 

a core of a first optical materia], said core forming a primary waveguide; 

at least one cladding layer of a second optical material^ said cladding layer 
disposed adjacent said core aiid having a lower index of refraciion than said core; 
5 at least one of said fust and second optical materials being an optically 

transmissive crosalinked polymer having a glass transition temperature; 

a patterned resistive primary heating element disposed upon said cladding 
layer and bridging said primary waveguide such that an edge of the electrode is at an 
oblique angle to said waveguide, said electrode, when activated, being for effectmg a 
1 0 cljange of the index of reiractioji of said polymer for redirecting optical energy from said 
primary waveguide, said element bemg coupleable to a controlling exciter, said optical 
switch being for operation in an environment at a temperature above said glass transition 
temperature, 

62. The TIR optical switch according to claim 61 further including a 
secondary beating element for maintaining said environment at a te^nperatin'e above said 
first and second glass transition temperature. 

63. The TIR optical switch according to claim 61 wherein said primary 
heating clement is additionally operative to maintain said environment at a temperature 
ubove said first and second glass transition temperature, 

64. A method for operating an optical device comprising an optical 
structure fabricated from an opUcally transmissive polymer material characterized by a 
glass transition temperature and a temperature dependent threshold for appearance of 
visooelastic effects, said method comprising: 

5 maintaining an operating temperature above the glass transition 

temperature; while 

directing optical energy into said polymer element; v/hile 

selectively applying thermal energy to said polymer element to selectively 

control ibe ti-aaspoil of said optical energy, 

65* The method according to claim 64 v/herom said selectively 
applying step comprises: 
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selectively applying impulses of thermal energy to e selected region of said 
polymer element to effect a localized change of index of reiraction at a controlled rate of 
5 change, 

66. Tlie method according to claim 65 fiinher including the stqj of 

thereafter: 

allowing said index of refraction to substaniially revert; and thereafter 
selectively reapplying thennal energy to said polymer element to re-ei&cC 
5 a change of index of refraction at a controlled rate of change. 

67. The method according to claim 66 farther including, aiter applying 
said thermal energy, actively extracting heat from said polymer elemenL 

68. A method for using a polymer materia] comprising: 
e&tablisliing a minimum operating temperature above a characteristic glass 

transition temperature of the polymer; thereafter; 

transiently themially exciting the polymer above the minimum operating 
5 temperature while directing electromagnetic energy into the polymer to effect a cliange of 
the index of refraction of the polymer io order to control the transport of the 
electromagnetic energy, 

69» A method for operating an optical svvitdi having a core of optically 
transmissive cro&slinked polymer having a first glass transition temperature, at least one 
cladding layer of optically transniissive crosslinked polymer having a second gles^s 
transition temperature, and an cqiiplicaior electrode for effecting a change of the index of 
5 refraction of said polymer, said applicator electrode being coupled to an exciter, said 
optical switch being for operation in an environment at a temperature above said second 
glass transition temperatures, said method comprising: 

inainiaining an operating temperature above the glass nransition 
temperatuie; wiiilc 
10 directing optical energy into said core; while 

selectively applying thennal energy to a region of said core through said 
applicator electrode to change index of refraction in said region in order to selectively 
redirect said optical energy. 
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70. A method for operating an optical switch having a core of optically 
transmi5$ive carosslinked polymer having a first glass transition temperature, at least one 
cladding layer of optically transmissive crosslinked polymer havir^ a second glass 
Iransition temperature and an applicator electrode for effecting a change of the index of 
5 refraction of said polymer, said applicator electrode being coupleable to an exciter, said 
optical switch being for operation in on environment at a temperature above said first and 
second glaas trandtxon tempercttures, said method compristng: maintaining an operating 
temperature above the glass transition temperature; while 
directing optical energy into saidcore^ while 
10 selectively applying thermal energy to a region of said core through said 

applicator electrode to change index of refraction in said region in order to selectively 
reilirect said optical energy. 
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